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57] ABSTRACT

An acceleration sensing device includes a rotational speed
sensor which 1s mounted on a substrate and detects rota-
tional speed, at least one oscillating structure with a deflect-
able seismic mass, and an acceleration sensor that detects
linear acceleration and has at least one additional seismic
mass which 1s suspended on flexible elements so that it can
be deflected. The seismic masses of the two sensors are
deflected 1independently of one another.

18 Claims, 2 Drawing Sheets
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1
ACCELERATION SENSING DEVICE

FIELD OF THE INVENTION

The present invention relates to an acceleration sensing
device with a rotational speed sensor which 1s mounted on
a substrate and detects rotational speed; 1t has at least one
oscillating structure including a seismic mass that can be

deflected.

BACKGROUND INFORMATION

German Patent No. 195 00 800 describes a rotational
speed sensor having seismic masses 1n a spring suspension
on a substrate so they can be deflected under the effect of
acceleration. In addition, the acceleration sensor has analysis
devices for detecting acceleration-induced deflection of the
seismic masses. For this purpose, the seismic masses are
suspended so that deflection by any mterfering acceleration,
especially linear acceleration, 1s suppressed. The rotational
speed sensor 1s used to detect Coriolis acceleration 1in
particular.

German Patent No. 44 31 478 describes an acceleration
sensor having a seismic mass which 1s suspended on flexible
clements and can be deflected by the action of acceleration.
An electrode mounted on the seismic mass 1s moved relative
to a stationary electrode, so the capacitance of the resulting
capacitor changes due to acceleration. The change 1n capaci-
tance 1s detected by measurement. The sensor 1s used for
detection of linear acceleration.

Finally, an acceleration sensor which 1s designed as a
Coriolis rotational speed sensor 1s described in German
Patent No. 195 23 895 (a later publication). In one
embodiment, the Coriolis rotational speed sensor 1s also
designed for detection of linear acceleration. To do so, an
additional electronic position controller 1s assigned to an
oscillating structure which 1s formed by seismic masses and
1s suspended so that it can move with rotary oscillation, and
the position controller detects and damps the linear accel-
eration acting on the oscillating structure. This electronic
position controller 1s formed by comb structures arranged on
the oscillating masses to engage with additional comb
structures, so that capacitances between the two comb
structures can be measured by applying a voltage. When the
oscillating structure 1s deflected due to linear acceleration,
the distance between the individual fingers of the comb
structures changes, resulting in a change 1n capacitance
which 1s detected by the electronic position controller. By
changing the voltage applied to the comb structures, it 1s
possible to regulate the distance between the comb struc-
tures to a predetermined setpoint using the electrostatic
ciiect. At the same time, the voltage level used for the
distance control supplies information regarding the magni-
tude of the linear acceleration acting on the oscillating
structure.

One disadvantage of the acceleration sensor described 1n
German Patent No. 195 00 800 1s that linear acceleration
cannot be detected because linear acceleration 1s actually
suppressed or attenuated.

Furthermore, the acceleration sensor described 1n German
Patent No. 44 31 478 can detect only linear acceleration.

Therefore, 1t 1s not suitable when both linear acceleration
and Coriolis acceleration are to be detected.

One disadvantage of the Coriolis rotational speed sensor
described 1n German Patent No. 195 23 895, which 1s
supposed to detect linear acceleration at the same time, 1s
that the amplitude of the rotary oscillation 1s several times
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orcater than the respective perpendicular amplitude of the
oscillation of the comb structure of the position controller.
The amplitude of the rotary oscillation i1s on the order of 10
to 30 um, and the amplitude of the oscillation of the comb
structure of the position controller 1s on the order of 1 nm.
Thus, the oscillation of the comb structure 1s superimposed
on the rotary oscillation, so that the signal for the electronic
position controller of the comb structure i1s also 1nfluenced
by the rotary oscillation. This makes 1t difficult to use the
clectronic position controller signal for an accurate deter-
mination of linear acceleration. However, for certain appli-
cations of acceleration sensors, ability to accurately deter-
mine both linear acceleration and non-linear acceleration,
¢.g., Coriolis acceleration, 1s required.

SUMMARY OF THE INVENTION

The acceleration sensing device according to the present
invention contains a rotational speed sensor which 1is
mounted on a substrate and detects rotational speed. Having
at least one oscillating structure including a deflectable
se1smic mass oifers the advantage over the related art that an
acceleration sensor which detects linear acceleration 1s also
provided. Having at least one additional seismic mass sus-
pended detlectably on flexible elements, the seismic masses
of the two sensors are deflected independently of one
another, so that both a linear acceleration and a sudden
rotational movement, e€.g., of a motor vehicle, can be
recorded accurately. It 1s therefore possible to provide the
acceleration sensing device as a roll-over sensor for use 1n
motor vehicles. It may provide information for a controller
on the basis of which the controller can deploy an airbag
and/or a seatbelt tensioner and/or other safety equipment
when there 1s a vehicle rollover, for example.

Furthermore, analysis devices are also provided for each
sensor to supply output mmformation as a function of the
deflection of the seismic masses.

In a preferred embodiment of the acceleration sensing,
device, means are provided for processing the output mfor-
mation supplied by the analysis devices, in particular capaci-
tive analysis devices. Specifically, a processing device, 1n
particular an electronic filter element, which 1s preferably
designed as a low-pass filter element, 1s provided for the
acceleration sensor. The time constant T of the low-pass
filter 1s 1 s=T,=30 s, preferably T,=10 s. Due to the fact that
the output signal of the acceleration sensor 1s averaged over
the low-pass filter with a long time constant, acceleration
signals resulting from vehicular movement, e.g., vibration
and/or bumping due to a poor roadway surface, are advan-
tageously suppressed because this acceleration has a much
higher frequency, namely, several times 10 Hz up to the kHz
range. Due to this processing of the output signal of the
acceleration sensor, the gravitational field 1s measured 1 an
advantageous manner and averaged over long time con-
stants. The resulting measurement signal reflects the average
position information on the vehicle. It 1s thus possible to
ascertain whether the vehicle 1s still standing on 1ts wheels
on the average or whether 1t 1s already on its side or has
turned over. However, since acceleration such as that result-
ing from vibrations, bumps or rapid changes 1n position 1s
suppressed by the long {filter time constant, there cannot be
any detection of a sudden onset of a roll-over.

The present 1nvention provides for the use of a rotational
speed sensor with an angular integrator element for this
purpose. The output signal of the rotational speed sensor 1s
processed suitably by another processing device, preferably
an 1ntegrator element, which 1s linked to a high-pass filter 1n
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particular. A high-pass filter 1s to be provided because only
the signals of the rotational speed sensor are to be sent to the
integrator element. Direct voltages (DC offsets) cause ramp-
ing of the integrator element up to a saturation state. The
time constant Th of the high-pass filter 1s 1 s=T, =100 s.

Thus 1f a motor vehicle 1s tilted about 1ts longitudinal axis,
¢.g., when turning, the oscillating structure of the rotational
speed sensor 1s deflected with a rotational speed by the same
angle of inclination. Thus, 1n a rotational movement, the
rotational speed indicates the angle traversed per unit of
fime. In deflection, the oscillating structure changes from a

rotary oscillating movement 1nto a tilting oscillating move-
ment. The output signal of the rotational speed sensor, 1.€.,
the rotational speed da/dt, which 1s sent through the high-
pass filter and then through the 1ntegrator element, yields the
angle a by angular 1ntegration:

cy:fﬂ::ﬂf:f(aﬂcy/cﬂr)-aﬂr
T T

which thus yields the exact degree of inclination of the
motor vehicle out of the horizontal. The high-pass filter then
removes DC offsets, as mentioned above. The integrator
clement may have a resistor connected 1n parallel with the
capacitor 1n the feedback branch. For the angle information,
however, the itial position of the motor vehicle, 1.¢., the
angle of inclination of the motor vehicle about its longitu-
dinal axis, must be known. This “initial condition™ supplied
by the low-pass-filtered acceleration sensor signal. Thus,
while the slow output signal 1s supplied accurately by the
acceleration sensor, the rotational speed sensor can accu-
rately record a rapid change 1n position such as that occur-
ring at the start of a roll-over, for example. The actual angle
of inclination 1s thus obtained from the initial position of the
vehicle, determined by the acceleration sensor, and from the
rapid change 1n position detected by the rotational speed
SENSOT.

In addition, the processed output information of the
rotational speed sensor and the acceleration sensor may be
supplied to an analyzer unit, with one analyzer unit being
provided for each sensor. However, an embodiment of the
analyzer unit which samples the output information of the
sensors 1n multiplex operation 1s preferred.

In one advantageous embodiment of the present
invention, the acceleration sensing device 1s designed with
a micromechanical surface structure. A 2-chip design may be
provided, where the micromechanical sensors are provided
in the first chip, and the complete electronic analyzer is
accommodated 1 a second separate chip. Preferably,
however, both the acceleration sensing device and the ana-
lyzer unit are completely integrated into one chip, with the
“additive integration technology” being used in an espe-
cially preferred embodiment. Additive integration technol-
ogy refers to a method whereby first a microelectronic
circuit 1s produced on a substrate, e.g., silicon. Then a
sacrificial layer 1s applied to the microelectronic circuit on
which a metallic layer 1s formed by sputtering. This layer 1s
composed of chromium with copper applied to 1t. Next, with
the help of the sputtered layer, micromechanical
components, for example, are produced 1in a lost polymer
mold 1n an electroplating process and then they are exposed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a top view of one embodiment of an
acceleration sensing device.

FIG. 2 shows a sectional view of the acceleration sensing
device.
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FIG. 3 shows another sectional view of the acceleration
sensing device which, unlike the embodiment according to
FIG. 2, 1s designed by additive integration technique.

DETAILED DESCRIPTION

FIG. 1 shows an acceleration sensing device 1 which has
a rotational speed sensor 2 and an acceleration sensor 3
which senses linear acceleration, with the two sensors
accommodated on one substrate 4. Rotational speed sensor
2 includes an oscillating structure § formed by seismic
masses 6 and 7, which are rigidly connected by connecting
webs 8 and 9. The one-piece oscillating structure § thus
formed 1s mounted 1n a bearing point 10 which allows
torsional vibrating movement. Therefore, torsion springs 11
and 12 are mounted with one end on connecting webs 8 and
9 and with the other end at bearing point 10. Oscillating,
structure 3 1s designed with mirror symmetry with respect to
the longitudinal axis of the torsion springs. Oscillating
structure S 1s thus 1n a suspended state where 1t 1s supported
only by bearing point 10.

When seen 1n the top view, seismic masses 6 and 7 have
a flat annular sectored structure, with the spatial dimensions
corresponding to those of a flat disk. Comb structures 14 are
provided on sector limits 13 and mesh with other comb
structures 15, forming an electrostatic drive 16, for example.
Electrostatic drive 16 induces an oscillating rotational move-
ment of oscillating structure § about bearing point 10,
resembling the action of a mechanical watch. The frequency
of torsional oscillation is preferably 3000 s™". Below seismic
masses 6 and 7 are mounted electrodes 17 and 18, shown
with dotted lines, with an electrically insulating air gap (not
shown here) being provided between seismic masses 6 and
7 and electrodes 17 and 18, respectively. An electrical
connection with an analyzer unit (not shown here in FIG. 1),
which preferably also supplies power to electrostatic drive
16 over electrode 19, 1s provided for electrodes 17 and 19
over contacts 20, with a reference mass being provided over
bearing point 10, for example.

Acceleration sensor 3 includes another seismic mass 21,
which 1s suspended on flexible elements 22 so that 1t can be
deflected 1n one direction, with seismic mass 21 being
suspended over substrate 4. Seismic mass 21 with a comb
structure 23 on it forms an oscillating structure 25, with
comb structure 23 meshing with another comb structure 24.
Opposing fingers 26 and 27 of comb structures 23 and 24
form an electrode pair (analysis device 41), with contacting
of fingers 26 being provided over contact 28 and contacting
of fingers 27 being provided over contact 29. Contacts 28
and 29 are preferably electrically connected to an analysis
device (not shown here).

This yields the following function. Electrostatic drive 16
of rotational speed sensor 2 induces the rotational oscillation
described above 1n oscillating structure 5, 1t should be
pointed out here that the rotational oscillation 1s a planar
movement. Due to the fact that this rotational oscillation 1s
planar, the air gap between seismic mass 6 and electrode 18
1s of the same size as that between seismic mass 7 and
clectrode 17, so that there 1s the same capacitance between
clectrodes 17 or 18 and the respective seismic masses 6 and
7, respectively. This shows clearly that the arrangement of
clectrodes 17 and 18 preferably below seismic masses 6 and
7 represents suitable capacitive analysis means 42 which can
be sampled by a suitable analyzer unit. If a rotational speed
1s acting on acceleration sensing device 1 and thus on
rotational speed sensor 2 and therefore Coriolis forces are
acting on them, oscillating structure 5 goes from its planar
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rotational oscillation mto a three-dimensional tilting rota-
tional oscillation. Thus, there 1s a change 1n the air gap
between electrodes 17 and 18 and the respective seismic
masses 6 and 7, and therefore there 1s also a change 1n
capacitance. For example, the air gap between seismic mass
6 and electrode 18 can decrease and at the same time the air
gap between seismic mass 7 and electrode 17 can increase
and vice versa. The resulting change in capacitance of
analysis means 42 can be detected by the analyzing unit. The
magnitude of the periodic change 1n capacitance 1s a mea-
sure of the magnitude of the Coriolis forces acting and thus
of the rotational speed do/dt, which yields the angle of
rotation by integration:

d o
— . dr

rdt

¥y =

The sensing direction for rotational speed sensor 2 1s indi-
cated by arrow 30.

If an acceleration acts on acceleration sensor 3, seismic
mass 21 1s deflected. This yields, for example, a change 1n
capacitance between an electrode pair (analysis means 41)
formed by fingers 26 and 27. This change 1n capacitance can
be detected by an analyzer unit (not shown here) which i1s
connected to contacts 28 and 29. The arrangement of flexible
clements 22 provides a sensing direction as indicated by
double arrow 31.

Due to the possible sensing directions represented by
arrows 30 and 31, it 1s possible with an appropriate arrange-
ment of acceleration sensing device 1 on a motor vehicle, for
example, to determine the position of the vehicle from the
acceleration sensor signal, while at the same time reliably
detecting an incipient roll-over from the rotational speed
sensor signal. Therefore, acceleration sensing device 1 1s
mounted 1n a motor vehicle in such a way that the sensing
direction of rotational speed sensor 2 (arrow 30) runs in the
direction of the longitudinal axis of the motor vehicle, with
torsion springs 11 and 12 being arranged perpendicularly to
the longitudinal axis, for example. Due to the joint arrange-
ment of acceleration sensor 3 and rotational speed sensor 2
on substrate 4, there results an alignment of acceleration
sensor 3 such that when the vehicle 1s tilted about its
longitudinal axis, acceleration g due to gravity can be sensed
(double arrow 31). This yields an acceleration a which can
be sensed by acceleration sensor 3 when the vehicle 1s tilted

about the longitudinal axis by the angle of inclination ¢ as
follows:

a=g-sin Q.

The acceleration a sensed 1s thus a measure of the position
of the motor vehicle. For example, the position of the vehicle
can change due to the fact that the vehicle 1s tilted about its
longitudinal axis while turning. Due to the fact that the
output signal of acceleration sensor 3 1s averaged over a
low-pass filter element (component of the analyzer unit)
with a time constant of 1 s=TZ=30 s, preferably T=10 s,
interfering acceleration (vibration, bumps) due to uneven-
ness 1 the roadway surface 1s suppressed. Acceleration
sensor 3 thus supplies a signal to a controller (not shown
here) indicating the “average” position of the vehicle.
However, 1f the vehicle 1s inclined very rapidly about its
longitudinal axis, e.g., at the start of a roll-over due to an
accident, rotational speed sensor 2 responds with a change
from planar rotational oscillation of oscillating structure 5
into a tilting rotational oscillation whose amplitude 1s always
proportional to the instantaneous rotational speed.
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6

Therefore, as already described, the capacitance of the
electrode arrangement (seismic masses 6 and 7 with the
respective electrodes 17 and 18) changes. Consequently, the
amplitude of the periodic change in capacitance 1s a measure
of the angular velocity £2, which also reflects the angular
velocity of the mclination process. The angular velocity £2
can be determined very rapidly (ms range) by angular
integration in conjunction with the low-pass-filtered position
signal of acceleration sensor 3 through an integrator
clement, for example, with a coupled high-pass filter
(component of the analyzer unit) for offset suppression. This
equation can be represented mathematically as follows:

d o
{};:fﬂﬂﬂfz —ﬂﬂf,
T rdri

the zero point (initial condition) of the integrator being
supplied by acceleration sensor 3. The angle of inclination a
thus determined is sent to the controller (not shown) and can
be a deployment criterion for a seatbelt tensioned and/or
airbag, €.g., when the resulting angle of inclination of the
vehicle about the longitudinal axis assumes a value such that
it can be assumed that the vehicle 1s already on 1ts side or has
entered a supercritical position. It 1s of course also conceiv-
able to use the angular velocity €2 as another deployment
criterion with the controller extrapolating from the
(integrated) angle information and the instantaneous angular
velocity whether or not the vehicle still has a chance of
returning to a stable position or if 1t 1s already beginning to
roll over.

On the basis of FIGS. 2 and 3, which are merely simpli-
fied diagrams of acceleration sensing device 1, particulars
resulting from different manufacturing methods will be
discussed.

The acceleration sensing device 1 1n FIG. 2 1s mounted on
substrate 4, as mentioned above. Substrate 4 1s made of
silicon 1n particular and has an msulation layer 43 which 1s
partially covered by a conductive layer 44 and 44'. In a
manufacturing process, printed conductors (not shown) were
created from conductive layers 44 and 44'. These printed
conductors create an electrical connection between the sen-
sors (rotational speed sensor 2 and acceleration sensor 3)
and a microelectronic circuit formed 1n substrate 4, 1n
particular analyzer unit 38. Conductive layers 44 and 44' in
particular are connected to analysis means 41 and 42,
respectively (not shown 1n FIG. 2). This makes it possible in
an advantageous manner to connect analysis means 41 and
42 to a microelectronic circuit embedded in substrate 4, as
mentioned above, by way of buried layers 45 and 45,
respectively. In particular, the microelectronic circuit repre-
sents the complete processing equipment for the output
signals of the sensors. Thus, a one-chip design i1s 1mple-
mented. Oscillating structures 5 and 235 illustrated 1n FIG. 2
are created here from a silicon layer applied to conductive
layers 44 and 44", respectively, in a manufacturing process.
A cover 47 1s applied, at a distance from oscillating struc-
tures 5 and 235, to frame parts 46 provided for the sensors.
However, cover 47 forms a hermetic seal. A detailed descrip-
tion of the manufacturing process by which the acceleration
sensing device 1 according to FIG. 2 1s manufactured can be
found, for example, 1n U.S. Pat. No. 5,756,901
(corresponding to German Patent No. 195 37 §14.8), the
disclosure of which 1s hereby incorporated by reference
herein.

FIG. 3 shows acceleration sensing device 1, although 1t 1s
manufactured by a different manufacturing method than the
embodiment according to FIG. 2. Acceleration sensing
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device 1 1s applied to a substrate 4, which 1s preferably made
of silicon. In the course of the manufacturing process, an IC
passivation layer 48, which 1s interrupted in individual areas
49, 1s applied. A metal layer 51, preferably chromium, is
deposited on IC passivation layer 48 and cutout arcas 49,
covering the entire surface 50 of IC passivation 48 and
substrate 4 1n arcas 49. Metal layer 51 1s produced by
sputtering, for example. In arcas 49, metal layer 51 forms
contact pads 52. In several process steps, rotational speed
sensor 2 and acceleration sensor 3 are applied to metal layer
51. The sensors (rotational speed sensor 2 and acceleration
sensor 3) are also represented only in a simplified manner by
oscillating structures 5 and 25 in FIG. 3. Analysis means 41
and 42 (not shown in FIG. 3) of the sensors are connected
via contact pads 52 to a microelectronic circuit, in particular
analyzer unit 38, incorporated 1nto substrate 4. In the related
art, this embodiment 1s known as additive integration tech-
nology. With regard to the manufacture of acceleration
sensing device 1, the disclosure of U.S. Pat. No. 5,595,940
(corresponding to German Patent No. 44 18 163) is hereby
incorporated by reference herein. FIG. 3 also shows accel-
eration sensing device 1 1in a one-chip design. Of course,
two-chip embodiments of acceleration sensing device 1 are
also conceivable, so that the sensors are designed on one
chip each, separately from the electronic circuit.

It 1s therefore clear that the acceleration sensing device 1
according to the present invention 1s a sensor system which
supplies accurate mnformation on the position of the vehicle
by means of acceleration sensor 3 and rotational speed
sensor 2 at any time, with both fast and slow changes in
position being detected accurately and without impairment
by mterference signals. This permits an 1implementation of a
roll-over sensor which meets the safety requirements of
modern safety systems in an advantageous manner.

What 1s claimed 1s:

1. An acceleration sensing device, comprising;:

a rotational speed sensor for detecting a rotational speed,
the rotational speed sensor being mounted on a
substrate, the rotational speed sensor 1ncluding at least
one oscillating structure, the at least one oscillating
structure ncluding a first seismic mass, the first seismic
mass being plate shaped and being capable of oscillat-
ing around an axis perpendicular to a first plane con-
taining the first seismic mass; and

an acceleration sensor for detecting a linear acceleration,
the acceleration sensor including at least one second
seismic mass suspended on flexible elements, the at
least one second seismic mass being plate shaped,

wherein the first seismic mass and the at least one second
seismic mass are independently deflectable,

wherein, 1n response to a rotation, the first seismic mass
1s deflected 1n a direction substantially parallel to the
ax1s perpendicular to the first plane, and

wherein, 1n response to the linear acceleration, the at least
one second seismic mass 1S deflected within a second

plane containing the at least one second seismic mass.
2. The acceleration sensing device according to claim 1,
further comprising:

a first analysis device coupled to the rotational speed
sensor; and

a second analysis device coupled to the acceleration
SENSOT,

wherein the first analysis device supplies {first output
mmformation as a function of a deflection of the first
seismic mass, and
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wherein the second analysis device supplies second out-
put information as a function of a deflection of the at
least one second seismic mass.

3. The acceleration sensing device according to claim 1,
wherein the rotational speed sensor and the acceleration
sensor form a roll-over sensor.

4. The acceleration sensing device according to claim 2,
wherein the first output information and the second output
information are provided to an analyzing unit.

5. The acceleration sensing device according to claim 2,
wherein the first analysis device includes a first capacitive
analysis element, and wherein the second analysis device
includes a second capacitive analysis element.

6. The acceleration sensing device according to claim 4,
wherein the first output information and the second output
information are processed.

7. The acceleration sensing device according to claim 6,
further comprising an electronic filter element for processing
the second output information, the electronic filter element
having an electronic {ilter output.

8. The acceleration sensing device according to claim 7,
wherein the electronic filter element 1s a low-pass filter
clement.

9. The acceleration sensing device according to claim 8,
wherein a time constant T, of the low-pass filter element 1s
1 s=T,=30 s.

10. The acceleration sensing device according to claim 6,
further comprising an integrator element for processing the
first output mnformation coupled to a high-pass filter, the
integrator element having an integrator output.

11. The acceleration sensing device according to claim 10,
wherein a time constant T, of the high-pass filter 1s 1
s=T,=100 s.

12. The acceleration sensing device according to claim 8,
further comprising:

an 1mtegrator element for processing the first output 1nfor-
mation coupled to a high-pass filter, the integrator
clement having an integrator output;

wheremn the electronic filter output and the integrator

output are provided to the analyzing unat.

13. The acceleration sensing device according to claim
12, wherein the analyzing unit detects the electronic filter
output and the integrator output 1n a multiplex operation.

14. The acceleration sensing device according to claim

12, wherein the rotational speed sensor, the acceleration
sensor, and the analyzing umit are each arranged on the
substrate.

15. The acceleration sensing device according to claim
14, wherein the rotational speed sensor, the acceleration
sensor and the analyzing unit are fully integrated on the
substrate by additive integration technology.

16. The acceleration sensing device according to claim
12, wherein the electronic filter output supplies an average
position of a vehicle as analog mformation free of rapid
interfering pulses.

17. The acceleration sensing device according to claim
12, wherein information on a position of a vehicle 1s
supplied to the integrator element as an 1nitial integration
condition.

18. The acceleration sensing device according to claim
12, further comprising a controller for numerically process-
ing the electronic filter output and the integrator output.
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